Τhis paper focuses on optimal management of aquifers with pollution problems. Genetic algorithms are used as the optimization tool, while advective pollutant transport is simulated by means of a moving point technique. The approach is illustrated by means of two application examples. In the first we seek the maximum total clean water pumping rate Q s from three production wells, situated in the same restricted area with two wells that inject polluted water. Results show that Q s depends heavily on the dimensions of the available area. In the second application example, the total flow rate of the production wells is fixed and the minimum treatment cost of pumped water is sought. Best solutions resulting from a number of runs are classified in 3 different patterns, which are comparatively evaluated. Some remarks on taking into account dispersive mass transport conclude the paper.
INTRODUCTION
Fresh water availability is a basic prerequisite for development of human activities. Water shortages occur quite often in many areas of the world, calling for optimal management of both surface and groundwater resources. The latter are more abundant at the global scale. Moreover, their quality is usually better, since they are naturally more protected. It should be mentioned though, that, once polluted, their restoration is more difficult. For these reasons, protection and restoration of groundwater resources is a very challenging task, including several stages, such as identification of possible pollution sources, field measurements, mathematical and numerical modeling of mass transport in different aquifer types and optimization of control measures and techniques.
Due to the importance of groundwater resources, scientific literature on their protection, restoration and management is very rich, e.g. Bear and Bachmat (1990) , Bedient et al (1994) , Katsifarakis (2000) , Voudrias (2001) . In this paper two problems of optimal development of a polluted aquifer are discussed. In both of them, polluted water is injected to the aquifer at constant rate, through two wells. The first optimization task is to find the maximum total flow rate Q s that can be safely pumped from a system of 3 wells, located in a predefined area, including the injection wells, too. In the second problem the total flow rate Q s , pumped from the 3 wells is fixed and the task is to minimize the water treatment cost, for a 3-year period. In both cases, injected water is considered as safe, if it remains in the aquifer for more than 2 years.
To tackle such problems, a flow simulation model, which provides groundwater velocities, should be combined with an optimization tool. Genetic algorithms, which are particularly efficient in optimization problems, when the respective objective functions exhibit many local optima or discontinuous derivatives, have been adopted in this paper.
OUTLINE OF THE OPTIMIZATION TOOL
Scientific literature on genetic algorithms, which were initially introduced by Holland (1975) , is quite rich, e.g. Goldberg (1989) , Michalewicz (1996) , Reeves and Raw (2003) . In brief, they are essentially a mathematical imitation of a biological process, namely that of evolution of species. They start with a number of random potential solutions of the problem (in our case pumping schemes). These solutions, which are called chromosomes, constitute the population of the first generation. In binary genetic algorithms, each chromosome is a binary string. The number of its characters, which are called genes, is usually predetermined.
Then a fitness value is assigned to each chromosome of the first generation, by means of a pertinent evaluation function or process. This process depends entirely on the specific application of genetic algorithms and may include a penalty function, to reduce chromosome's fitness, if the respective solution violates any constraint of the problem. In both cases discussed in this paper, the evaluation process includes the flow and mass transport simulation model.
When evaluation of every chromosome is completed, the next generation is produced, through application of certain operators, which imitate biological processes. The main genetic operators are: a) selection b) crossover and c) mutation. Many other operators have been also proposed and used.
Selection is used first. It can be accomplished in many ways. In our code the tournament method has been preferred. Selection leads to an intermediate population, in which better chromosomes have, statistically, more copies. These copies substitute some of the worst chromosomes. Moreover the best chromosome of each generation is separately preserved through the selection process (elitist approach). Then, the rest of the operators apply to randomly selected members of this intermediate population. In our code typical crossover and mutation, together with antimetathesis, an operator described by Katsifarakis and Karpouzos (1998) and Katsifarakis et al (1999a) , are used. The result is an equal number of new chromosomes, i.e. new solutions, which replace the old ones. Thus, the next generation is formed.
The whole process, i.e. evaluation-selection-crossover-mutation-antimetathesis, is repeated for a number of generations, depending mainly on computational load per chromosome evaluation and available computer resources. It is anticipated that, at least in the last generation, a chromosome will prevail, which represents a sub-optimal (if not the global optimal) solution of the problem. Identification of a number of very good solutions is an asset, too.
SIMULATION OF FLOW AND MASS TRANSPORT
It has already been mentioned that simulation of flow and mass transport is an essential part of the chromosome evaluation procedure. Actually, it is used to check whether the pumping scheme, represented by a particular chromosome, results in pollution of the water, that arrives at the production wells. The respective calculations, repeated for every chromosome of each generation, form the larger part of the total computational volume. For this reason they should be reduced as much as possible. We assume that groundwater flow takes place in a horizontally infinite, homogeneous, confined aquifer. Then, use of the continuity equation, together with Darcy's law and the superposition principle, leads to the following expressions for water velocities V x , V y at any point (x,y):
In these equations, a aq and θ are aquifer's width and effective porosity, respectively, x i , y i the coordinates of well i and Q i its flow rate, while WT is the total number of wells (WT=5 in our case). Water velocities serve to simulate advective mass transport, by means of a moving point technique, in the following way: Points that represent polluted water entering the flow field, are initially placed at the perimeter of a circle around each injection well. Then, local water velocities are calculated at the location of each point, by means of equations (1) and (2). The coordinates x in , y in of the new position of each point after a time period ∆Τ, are derived using the following relationships:
where x io , y io are the coordinates of the previous moving point position. These calculations are repeated for a predetermined number of time-steps ∆Τ, covering the period of pollutant deactivation (2 years in our case). It should be mentioned that points are tracked until the last time-step, except when they arrive at a production well W. A point P is assumed to arrive at W, when one of the following conditions holds (Katsifarakis et al, 1999b) : 1) Distance between P and W is smaller than a distance r w , depending on the flow rate of W and the size of the time-step and 2) Location of P at the end of a time-step is closer to W than to its previous location and the distance between P and W is smaller than 4·r w .
APPLICATIONS
The basic common features of the two optimization problems, discussed in this paper, are the following: Polluted water is injected to the aquifer, through wells B and C (shown in figures 1 to 5), at constant rates 40 and 50 l s -1 respectively. Their coordinates are (300, 800) and (800, 400) respectively, while those of production well A are (300, 0). Two more production wells will be constructed in a predefined area, which includes the aforementioned wells A, B and C.
The first optimization task is to find the maximum total flow rate Q s that can be safely pumped from the system of the 3 production wells. As stated earlier, we assume that injected pollutants are completely deactivated, if they stay inside the aquifer for more than 2 years.
Actually our task is to find the flow rates of all 3 production wells, together with the best locations for the 2 of them. Then each chromosome represents a set of 2 pairs of coordinates and 3 well flow rates Q i , expressed as binary numbers. Its length is calculated on the basis of QMAX, namely the maximum anticipated flow rate per well and the dimensions of the area, which is available for well construction.
The fitness value of each chromosome is given as 
where production well flow rates are expressed in l s -1 and PEN is a penalty, imposed if polluted water (namely moving points) arrive at any production well, in less than 2 years. So, calculation of PEN requires solution of the flow simulation model, for the combination of well locations and flow rates, represented by the chromosome. We have chosen the following form for the term PEN: i PEN (100 10(TT1 Tb 1)
where TT1 is the total number of time steps (covering the 2 year period) and Tb i is the time step at which the moving point i arrived at a production well. Of course summation extends to moving points with Tb i < TT1 only. Thus PEN depends both on the number of the violated constraints (number of moving points arriving at production wells) and the magnitude of the violation (time step of moving point arrival).
In the second problem the required total flow rate Q s , pumped from the 3 production wells is fixed to 600 l s -1 and the task is to minimize a simple function, representative of water treatment cost for a 3-year period, which serves for chromosome evaluation and has the following form:
where TT2 is the number of time-steps (covering the 3 year period) and Q j is the flow rate of well j, at which moving point i arrives. Of course summation extends to moving points with Tb i < TT1 only. The idea here is that the pollution load is attenuated as its residence time inside the aquifer increases. The chromosome form is the same with that of the first problem. Well flow rates have to be "repaired", though, in order to fix their sum to 600 l s -1 .
Results
The code which has been constructed for each problem has been run several times, using the following set of parameters for the genetic algorithm code: population size PS = 100, number of generations NG = 1000, crossover probability CRP = 0.40, selection constant KK = 3, while mutation/antimetathesis probability is approximately equal to the inverse of the chromosome length.
Typical best results for the first problem appear in Tables 1 and 2 . The dimensions of the area available for the construction of the new wells are both equal to 1500 m for the first set and 1000 m for the second one. It can be seen from Table 1 that results of 3 runs (1, 4 and 5) are practically the same. Run 2, corresponds to a different well layout, which is shown in Fig. 1 , but the difference in Q s is small. Run 3 is obviously a failure. It can also be seen from Table 1 , that Q s could be even larger, if we allowed flow rates larger than 400 l s -1 from a single well.
As shown in Table 2 , maximum safe total flow rate is reduced drastically, when the dimensions of the area available for the construction of the new wells is 1000 x 1000 only. The well layout of run 5, which is practically the same with that of run 2, appears in Figure 2 . In all cases a new well is placed close to the vertex of the available area, which is the most distant from the existing production well. Typical best results for the second problem, summarized in Table 3 , can be classified in 3 different patterns which appear in Figures 3, 4 , and 5. In the first (Fig. 3) , which corresponds to runs 3, 4 and 6 and leads generally to smaller "cost" values, a production well with low flow rate is placed close to injection well C. Thus it traps most of the polluted water. In the second pattern (Fig. 4) , which corresponds to runs 1 and 2, a production well with low flow rate is placed close to well A, thus protecting it from pollution. In the third pattern, representing runs 5 and 7 and shown in Fig. 5 , new production wells are placed away from the existing wells. This is what we anticipated. Solutions following the first pattern are actually not that good, since pollutants injected in well C, have very small residence time inside the aquifer, and the respective pollutant attenuation is very small. Pattern B is more interesting, since it allows for pollutant attenuation. It should be further checked, though, if well A is thoroughly protected. 
DISPERSIVE MASS TRANSPORT
The simulation model, which has been used in this paper, includes advective mass transport only. A rather "empirical" way to compensate for dispersive mass transport is to increase pollutant deactivation time. Another idea is to follow the approach of Karamagiola and Katsifarakis, (2007) , who have studied transport of pollutants, injected in an aquifer at constant rate through a well. They have used a moving point technique, similar to ours, to simulate advective mass transport and they applied the one-dimensional solution of Ogata and Banks (1961) along the path line of each moving point, to take pollutant dispersion into account. The great advantage of this approach is that it increases the total computational volume only slightly, since: a) the required velocity values have already been calculated, in order to simulate advective transport and b) the x p values (namely the coordinates along each path line) are calculated only once, as the sum of the distances between successive positions of each moving point, up to its examined location. Moreover, the error function is easily calculated with excellent accuracy, using the first 30 terms of its series expansion. The aforementioned approach should be investigated further, though, to estimate whether it is an acceptable substitute of numerical schemes, currently used to simulate advective-dispersive mass transport.
FINAL REMARKS
Optimizing management of polluted aquifers is not an easy task. The 2 application examples, presented in this paper, show that the proposed combination of genetic algorithms with a moving point code is an efficient tool for such problems. In the first application we seek the maximum total clean water pumping rate Q s from three production wells, situated in the same restricted area with two wells that inject polluted water. Results plausibly show that Q s depends heavily on the dimensions of the available area. In the second application, the total flow rate of the production wells is fixed and the minimum treatment cost of pumped water is sought. Best solutions resulting from a number of runs have been classified in 3 different patterns, but the one which leads to the smallest "cost" values is not the best. This comment implies that results should be carefully evaluated, since simplifications in the flow simulation model, numerical approximations (e.g. in the moving point code) and small inaccuracies in the evaluation function, may misguide the optimization process.
